Lianhua-Qingwen capsule (LQC) is a commonly used Chinese medical preparation to treat viral influenza and especially played a very important role in the fight against severe acute respiratory syndrome (SARS) in [2002][2003] in China. In this paper, a rapid ultraperformance liquid chromatography coupled with diode-array detector and quadrupole time-of-flight mass spectrometry (UPLC-DAD-QTOF-MS) method was established for qualitative and quantitative analysis of the major constituents of LQC. A total of 61 compounds including flavonoids, phenylpropanoids, anthraquinones, triterpenoids, iridoids, and other types of compounds were unambiguously or tentatively identified by comparing the retention times and accurate mass measurement with reference compounds or literature data. Among them, twelve representative compounds were further quantified as chemical markers in quantitative analysis, including salidroside, chlorogenic acid, forsythoside E, cryptochlorogenic acid, amygdalin, sweroside, hyperin, rutin, forsythoside A, phillyrin, rhein, and glycyrrhizic acid. The UPLC-DAD method was evaluated with linearity, limit of detection (LOD), limit of quantification (LOQ), precision, stability, repeatability, and recovery tests. The results showed that the developed quantitative method was linear, sensitive, and precise for the quality control of LQC.
Introduction
Lianhua-Qingwen capsule (LQC), developed from the two classical traditional Chinese medicine (TCM) formulae Maxing-Shigan-Tang and Yinqiao-San which have a long history of clinical application in the treatment of influenza [1] , is a commonly used Chinese medical preparation to treat viral influenza and especially played an important role in the fight against severe acute respiratory syndrome (SARS) in [2002] [2003] in China [2] . LQC is composed of 11 herbs including Fructus Forsythiae (Lianqiao), Flos Lonicerae Japonicae (Jinyinhua), Herba Ephedrae (Mahuang), Semen Armeniacae Amarum (Kuxingren), Radix Isatidis (Banlangen), Rhizoma Dryopteridis Crassirhizomatis (Mianmaguanzhong), Herba Houttuyniae (Yuxingcao), Herba Pogostemonis (Guanghuoxiang), Radix et Rhizoma Rhei (Dahuang), Radix et Rhizoma Rhodiolae Crenulatae (Hongjingtian), and Radix et Rhizoma Glycyrrhizae (Gancao), along with menthol and a traditional Chinese mineral medicine, Gypsum Fibrosum (Shigao). According to previous reports, LQC has a good clinical effect on influenza with the symptoms of high fever, aversion to cold, headache, pharyngalgia, cough, sneezing, muscle ache, and so on [3] . Modern pharmacological studies have shown that LQC also has the antiviral, antibacterial, and anti-inflammatory activities [4, 5] . Recently, the study on its bioactive ingredients and molecular mechanism of action has been gradually reported as well [6] .
Although some preliminary analytical methods have been developed for the quality control for LQC, including thin layer chromatography (TLC) [7] , high performance 2 The Scientific World Journal liquid chromatography (HPLC) [8, 9] , micellar electrokinetic capillary chromatography (MEKC) [10] , and liquid chromatography tandem mass spectrometry (LC-MS/MS) [11] , no systematical and comprehensive study on the chemical profiling and quality control method for LQC has been reported so far. For a classical and complex Chinese medical preparation, the comprehensive quality evaluation method should be based on its multiple chemical constituents. Therefore, it is necessary to develop a rapid and sensitive method to identify and quantify the chemical constituents in LQC, which will be beneficial to investigate the effectiveness and evaluate the quality of LQC.
In this study, a reliable, sensitive, and simple ultraperformance liquid chromatography coupled with diode-array detector and quadrupole time-of-flight mass spectrometry (UPLC-DAD-QTOF-MS) method which was more systematical and comprehensive than the earlier ones was established for characterization and quantification of the major chemical constituents of LQC. A total of 61 compounds were unambiguously or tentatively identified by comparing the retention times, exact molecular masses, and MS/MS spectral data with reference compounds or literature data. Furthermore, twenty-seven compounds were confirmed by comparing with the standards. Among them, twelve representative compounds were quantified as chemical markers in quantitative analysis, including salidroside, chlorogenic acid, forsythoside E, cryptochlorogenic acid, amygdalin, sweroside, hyperin, rutin, forsythoside A, phillyrin, rhein, and glycyrrhizic acid. This is the first systematical and comprehensive study on the qualitative and quantitative analysis of LQC.
Experimental

Reagents, Chemicals, and Materials.
Methanol and acetonitrile (HPLC grade) were purchased from Sigma Aldrich (St. Louis, MO, USA). Formic acid (HPLC grade) was purchased from Tianjin Damao chemical reagent factory (Tianjin, China). Water (HPLC grade) for UPLC analysis was produced by the Milli-Q water purification system (Millipore, USA). Salidroside, chlorogenic acid, forsythoside E, cryptochlorogenic acid, amygdalin, sweroside, hyperin, rutin, forsythoside A, phillyrin, rhein, and glycyrrhizic acid were purchased from Sigma Aldrich (St. Louis, MO, USA). The purity of standard substances was above 98%. Ten batches of LQC were provided by Shijiazhuang Yiling Pharmaceutical Co., Ltd. (Shijiazhuang, China).
UPLC Analysis.
The UPLC analysis was performed on a Waters ACQUITY UPLC instrument (Waters Corporation, MA, USA) coupled with a binary pump, a sample manager, an autosampler, a column compartment, and diode-array detector (DAD). The separation of samples was performed on a Waters ACQUITY UPLC BEH C 18 (100 × 2.1 mm, 1.7 m) column with the column temperature at 50 ∘ C. The analysis was completed in 30 min with a gradient elution of 0.1% formic acid aqueous solution (A) and methanol (B) at the flow rate of 0.3 mL/min. The gradient program was designed as follows: 0-11 min, 5-35% B; 11-18 min, 35-55% B; 18-22 min,  55-75% B; 22-24 min, 75-90% B; 24-25 min, 90-100% B; and 25-30 min, 100% B. The injection volume was 5 L. The detection wavelengths of DAD were set at 210 nm, 225 nm, and 254 nm.
UPLC-DAD-QTOF-MS Analysis.
The Waters ACQUITY UPLC instrument (Waters, MA, USA) coupled with Waters Synapt HDMS G1 (Waters, Manchester, UK) via an electrospray ionization (ESI) interface. The UPLC analytical conditions were the same as the UPLC analysis described above. The full scan mass spectra data were acquired in positive and negative ion modes. Acquisition parameters are as follows: capillary voltage was 3000 V for ESI (+) and 2600 V for ESI (−); cone voltage was 45 V; the ESI source temperature was 100 ∘ C; the desolvation temperature was 350 ∘ C; the nitrogen (N 2 ) was used as desolvation gas at flow rates of 600 L/h for both ESI (+) and ESI (−); and the range of full scan was set at m/z 150-1000 Da. The version of analysis software was Mass Lynx V4.1.
Sample and Standard Solutions Preparation.
The powder of LQC (0.4 g) was accurately weighed and extracted with 60% methanol-water (v/v) solution (20 mL) in an ultrasonic water bath for 30 min at room temperature. The supernatant solution was diluted with the same amount of water and then centrifuged for 10 min at 14,000 r/min. All the obtained solutions were filtered through 0.22 m syringe filter before the UPLC analysis.
Twelve standards were accurately weighed and dissolved in methanol to obtain stock solutions, respectively. A mixed stock solution of standards was prepared by adding a suitable volume of each stock solution to a 5 mL flask and diluted with 30% methanol-water solution at the concentration of 67.8 g/mL for salidroside, 109.65 g/mL for chlorogenic acid, 77.64 g/mL for forsythoside E, 106.47 g/mL for cryptochlorogenic acid, 62.57 g/mL for amygdalin, 31.96 g/mL for sweroside, 3.21 g/mL for hyperin, 8.5 g/mL for rutin, 67.34 g/mL for forsythoside A, 45.71 g/mL for phillyrin, 55.49 g/mL for rhein, and 84.35 g/mL for glycyrrhizic acid, respectively. The mixed stock solution was then serially diluted with 30% methanol-water solution to obtain five appropriate concentrations used for plotting standard curves. The lowest concentration of the mixture stock solution was further diluted to give a series of different concentrations for investigating the limits of detection (LODs) and limits of quantification (LOQs) of the 12 chemical constituents. All solutions were stored at 4 ∘ C until analysis.
Validation of the Quantitative Analysis.
The UPLC-DAD method was evaluated with linearity, LOD, LOQ, precision, stability, repeatability, and recovery tests. The calibration curves were constructed with five different concentrations of chemical markers in triplicate. The LODs and LOQs were measured under the UPLC analytical conditions at a signalto-noise (S/N) ratio of 3 and 10, respectively. For intraday and interday precisions test, the samples were analyzed by six repetitive injections within one day and once a day for three successive days, respectively. At room temperature, the stability of sample solution was evaluated by replicate injection at 0, 1, 2, 4, 6, 8, 10, 14, 24, and 48 h. In order to check the repeatability, six samples from the same source were investigated. Accurate amounts of the reference standards were added to 0.20 g powder of sample in sextuplicate. The resultant sample solutions were then extracted and quantified with the described method. The relative standard deviation (RSD) was used to evaluate the results.
Results and Discussion
Optimization of the Extraction and Chromatographic
Conditions. A single-factor method was used to investigate the extraction effect of the extraction solvent (30%, 60%, and 90% methanol-water solution), extraction solvent ratio (1 : 50, 1 : 100, and 1 : 200 (w/v)), and extraction time (15 min, 30 min, and 45 min), respectively. By analyzing the extraction efficiency, 60% methanol-water solution, extraction solvent ratio at 1 : 100, and 30 min of ultrasonic time were selected as the eventual extraction conditions. The results are described in Table 1 . Due to the existence of acidic constituents in sample solutions, formic acid was added into the mobile phase which could inhibit the ionization of these acidic ingredients to improve the peak shape. The mobile phase systems (methanol-formic acid aqueous solution and acetonitrileformic acid aqueous solution) and column temperature (40 ∘ C and 50 ∘ C) were investigated, which showed that methanol-0.1% formic acid aqueous solution as mobile phase with column temperature at 50 ∘ C could obtain the best chromatographic peak shape. Because the maximum absorptions of 12 reference compounds were different, three detection wavelengths were finally selected in order to achieve the goal of high detection sensitivity and little interference. Forsythoside E (peak 7), cryptochlorogenic acid (peak 9), amygdalin (peak 33), and phillyrin (peak 39) had satisfactory sensitivity at 210 nm, salidroside (peak 6), chlorogenic acid (peak 8), and rhein (peak 54) at 225 nm, and sweroside (peak 13), hyperin (peak 26), rutin (peak 29), forsythoside A (peak 30), and glycyrrhizic acid (peak 57) at 254 nm. The chromatograms are presented in Figure 1 . Table 2 , a total of 61 compounds were unambiguously or tentatively identified by comparing the retention times and accurate mass measurement with references or literature data. These compounds were divided into six types according to their structural characteristics including flavonoids, phenylpropanoids, anthraquinones, triterpenoids, iridoids, and other types. The structures of identified compounds are listed in Figure 3 . Among them, twenty-seven compounds were further confirmed by comparing with standards. The total ion chromatograms are shown in Figure 2 formononetin (47) were unambiguously identified via the standards.
UPLC-DAD-QTOF-MS Analysis of Reference Compounds and LQC Samples. As shown in
In negative and positive ion modes, flavone aglycones mainly gain fragment ions by the reverse Diels-Alder (RDA) reaction and the loss of CO (28 Da). The characteristic fragmentation behavior of compound 35 is shown in Figure 4 
The Scientific World Journal 60 58 59 55 50 52 by comparing the molecular mass and MS/MS data with literature data [25, 45] . Figure  3(b) ) including phenylpropionic acids, lignans, and coumarins were identified in LQC. They were mainly obtained from Lianqiao, Jinyinhua, and Gancao. Neochlorogenic acid (4), chlorogenic acid (8) , cryptochlorogenic acid (9), 3,5-dicaffeoylquinic acid (27) , forsythoside A (30), 3,4-dicaffeoylquinic acid (34) , and phillyrin (39) The fragmentation pathway of compound 8 [18] , as the representative of phenylpropionic acids, is shown in Figure 4 (Figure 3(c) ) in LQC were definitely or tentatively identified. All of them were derived from Dahuang. Chrysophanol glucoside (17), emodin-8-O-glucoside (45), rhein (54), and emodin (61) were confirmed via comparing with standard substances.
Phenylpropanoids. Fourteen phenylpropanoids (
[M-H-Glc] − [M-H-Glc-CO] − [M-H-Glc-CO 2 ] − [M-H-Glc-CO-CO 2 ] − [M-H-Glc-CO 2 -CH 3 -CO] −(%)
Anthraquinones. Eight anthraquinones
The characteristic fragmentation behavior of anthraquinones was the loss of CO 2 (44 Da), CH 3 (15 Da), and CO (28 Da) in negative ion mode. Typical compound 61 was used to explain the fragmentation pathway of anthraquinones presented in Figure 4 (Figure 3(d) (Figure 3(e) ) in LQC including iridoid glycosides and secoiridoid glycosides were identified. All of them were derived from Jinyinhua. Loganic acid (5), sweroside (13) , and secoxyloganin (20) were unambiguously identified via the standards.
Triterpenoids. Eight triterpenoids
Iridoids. Four iridoids
The fragment 1,4 F (fragment generated from the fracture of 1/4 bonds of iridoids) in the negative ion mode was identified as the characteristic fragment ion of iridoid glycosides. [52] , as presented in Figure 4 (i). Compound 10 was tentatively identified by comparing its exact molecular mass and MS/MS spectral data with the literature data [19] . . Compounds 1, 2, 11, 14, 15 , and 51 were tentatively identified by comparing their exact molecular masses and MS/MS spectral data with the literature data except gallic acid (3), salidroside (6) , forsythoside E (7), and amygdalin (33) which were identified via the standards (Figure 3(f) ) [12, 53] .
Other Types of Compounds
Methodological Validation of the Quantitative Analysis.
As shown in Table 3 , twelve standards were of good linearity with high correlation coefficient values over 0.9993. The LODs and LOQs were 0.051-1.71 g/mL and 0. .69 g/mL, independently. Twelve analytes in sample solution were stable at room temperature within 48 h with 10 The Scientific World Journal The Scientific World Journal 11 12
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The Scientific World Journal The average recovery rates of 12 compounds ranged from 92.99% to 103.95% with the RSD less than 3.54%. All the results showed that the assay was satisfactory with high accuracy, good reproducibility, and high sensitivity which were beneficial to the analytical investigation and quality control for LQC.
Sample Analysis.
Twelve representative compounds in 10 batches of LQC were quantified through the developed UPLC-DAD analytical method described above. The results are summarized in Table 4 , which showed that the total concentrations of 12 quantitative compounds in different batches of the LQC varied narrowly; moreover, the 12 components differed greatly in their contents, which may be affected by the source of medicinal materials, the quality of the plant material, or the preparation technology. Among them, forsythoside A showed the highest amount (3164.55-2089.22 g/g) followed by amygdalin (2594.75-1623.14 g/g) and hyperin had the lowest amount at 100.80-62.56 g/g.
Conclusion
LQC is a commonly used Chinese medical preparation to treat viral influenza. To date, there has not been a systematical and comprehensive study on the chemical profiling and quality control method for LQC. Therefore, an accurate, sensitive, and reliable quality control procedure for LQC is in urgent need to be established. In our study, the chemical profile of LQC was thoroughly and systematically investigated by UPLC-DAD-QTOF-MS for the first time. Sixty-one compounds were unambiguously or tentatively identified. Based on the qualitative analysis, a UPLC-DAD method was established for quantitative analysis of 12 representative compounds in LQC, which has been demonstrated to be effective for the analysis of 10 batches of LQC. This developed method could be applied as an effective quality control procedure for LQC. In addition, this study would be a powerful reference for the identification of similar compounds presented here, such as flavonoids, phenylpropanoids, anthraquinones, triterpenoids, and iridoids by MS spectra.
